The rectal route can be considered a good alternative to the oral route for the paediatric population because these dosage forms are neither to be swallowed nor need to be taste-masked. Rectal forms can also be administered in an emergency to unconscious or vomiting children. Their manufacturing cost is low with excipients generally regarded as safe. Some new formulation strategies, including mucoadhesive gels and suppositories, were introduced to increase patient acceptability. Even if recent paediatric clinical studies have demonstrated the equivalence of the rectal route with others, in order to enable the use of this promising route for the treatment of children in the 21st Century, some effort should be focused on informing and educating parents and care givers. This review is the first ever to address all the aforementioned items, and to list all drugs used in paediatric rectal forms in literature and marketed products in developed countries.
Introduction
Rectal forms are one of the oldest pharmaceutical dosage forms as their origin goes back to antiquity. The Old Testament refers to 'Magerarta' -suppository made of silver -and Hippocrates describes various compositions of acorns which were rectal dosage forms for local effects. The first usage of the word suppository goes back to 1763 in the Universal Pharmacopoeia of Lemery. The term suppositorium comes from the Latin word supponere which means 'substitute' because this dosage form was introduced as a substitute to enema [1] .
At first rectal dosage forms were composed of solid supports impregnated with medicinal substances. These supports were made of baked honey, soap, tallow or even horn. These solid supports were substituted by cocoa butter in the late 18th Century. The first mention of the addition of an active substance in the suppository mass was made by Henry and Guibourt in 1841 by the introduction of opium pellets in the molten cocoa butter before moulding [2] . At that time the classical weight of a suppository for adults was 5 g. In the following century two alternative masses were proposed to cocoa butter: firstly a mixture of gelatine, glycerine and water in 1897, and secondly, hard fat which was introduced after the Second World War due to shortage of cocoa butter. In the 20th Century, most of the rectal drug products on the market were suppositories composed of fatty bases (hard fat), and are nowadays around 2 g for adults and 1 g for children. These rectal forms were particularly used in some European countries and in Japan where the use of suppositories is more accepted than in other territories like the United States of America or Laos for example. The first literature reference on the use of paediatric rectal dosage form (for premedication before anaesthesia) was reported in 1936 [3] . Even, if suppository was quite popular for adults during the 20th Century, the first market authorisation for a Paracetamol paediatric suppository in France was only granted in 1981 (Doliprane, Sanofi).
Administration of drug through the rectal route is amenable to both local and systemic drug delivery. It has been effectively used during the last centuries to treat local diseases of the anorectal area (for example haemorrhoids) as well as to deliver drugs systemically as an alternative to the oral route (including antipyretic and analgesic drugs such as Paracetamol or Diclofenac) [4] . The latter case can be useful for drugs which:
-possess limited absorption in the upper gastrointestinal tract, -are unstable to proteolytic enzymes, -exhibit a high hepatic first pass effect, -cause irritation to the gastric mucosa, -or need high doses and cannot easily be formulated in oral solid dosage forms.
The lower rectum is drained by the lower and middle haemorrhoidal veins and bypasses the liver, hence avoiding at least partially, the hepatic first pass effect and allowing drugs to exert systemic effect prior to metabolism in the liver. The rectal region is also extensively drained by the lymphatic circulation and could increase the systemic absorption of some highly lipophilic drugs. In adults, rectal dosage forms should be inserted in the lower part of the rectum to avoid the absorption of the drug by the upper haemorrhoidal vein which supplies blood to the portal vein. In addition, the empty rectum presents a constant and static environment as compared to the upper gastrointestinal tract, where the environment varies greatly depending on the section (e.g. pH, volume of stomach vs. duodenum) and in fasted or fed conditions. The volume of liquid is reported as relatively low (1-3 mL) and the pH neutral (pH 7-8) with low buffer capacity [4] . Its surface area is reported to be of about 200-400 cm 2 , without villi and microvilli, which is smaller than the upper gastrointestinal tract, but larger than nasal and buccal absorptive surfaces. However the epithelia in the rectum is made by a single layer of columnar or cuboidal cells and goblet cells, histologically similar to the upper gastrointestinal tract, giving them comparable abilities to absorb drugs [5] .
Rectal dosage forms are also a good alternative to the peroral route for certain groups of patients who cannot easily swallow tablets or capsules: this can be in the case of children and the elderly, as well as in the cases where patients may be unconscious or vomiting.
Despite being one of the enteral routes, rectal drug delivery is not as popular as the oral route for various obvious and less obvious reasons. The aim of this review is to investigate these by looking at its applicability in children, its applicability to treat various conditions (whether already implemented in practice or under research) and also the applicability of various traditional or more novel dosage forms, to assess if and when it could have the desirable attributes for paediatric drug delivery.
The child and human dimensions

The child dimension
Designing any formulation implies that patient factors are taken into consideration. For paediatric subsets, extra challenges occur, the very central one being that children undergo physiological changes that could affect the pharmacokinetic/pharmacodynamic/pharmacogenomics. This is why the International Conference on Harmonisation [6] has proposed a subdivision for the purpose of paediatric medicines development to reflect biological ages.
− Preterm newborn infants − Term newborn infants (0 to 27 days) − Infants and toddlers (28 days to 23 months) − Children (2 to 11 years) − Adolescents (12 to 16/18 years, dependent on region).
The guideline on the investigation of medicinal products in the term and preterm neonate [7] states that rectal administration is not commonly used in these subsets and that it is associated with erratic absorption. If considered, it must be fully evaluated for safety and efficacy, in addition to appropriate bioavailability studies. Moreover rectal dosage forms should be used with extreme caution in premature infants, as the delicate rectal lining could be torn, introducing infection. For similar reasons it is not recommended to use this route in immunocompromised patients to avoid the risk of trauma leading to possible abscess formation [8] .
However, more generally for the rectal route, similarities and differences between adults and children of various ages have not been systematically reported, despite this route being considered from preferred acceptability to best/preferred applicability in children under 6 years of age (preschool) [9] .
Like most of the gut, the rectum is formed at birth but is only functional when the baby starts to feed orally, when development continues and when commensal bacteria and immunity kick in. The main anatomical difference is in size as described in Table 1 [10] . Therefore, if the PK of rectally administered drugs is mainly determined by its anatomical properties, the possible changes of surface area for absorption add to the reported inconsistency of this route. If in turn the dominant factor is the first-pass metabolism, then as with adults, it depends on where the drug will be absorbed for children too. It is said that when inserting suppositories into children, the position beyond the rectal opening should be adapted to the size/age of the child. Some pragmatic approaches to determine the appropriate position have been proposed e.g. using size of knuckles of fingers, more than any evidenced approach.
Of the presystemic paediatric patient factors to consider, the contact time of the drug to be absorbed is paramount, as its retention will directly dictate its bioavailability and predictability of the clinical effect.
It is therefore important to explore rectal motility and rectal activity patterns, keeping in mind that unlike the small intestine, no cyclic motor activity takes place.
The rectum is the last, usually empty, portion of the large intestine located above the anal canal, where stools collect prior to evacuation from the body. The earliest stool of a new born is called meconium, which should be passed promptly and completely within about 2 days of birth. It is composed of materials ingested in utero such as intestinal epithelial cells, lanugo, mucus, amniotic fluid, bile, and water. It is odourless, almost sterile, viscous and sticky. From a dark green meconium, stools progress toward yellow (digested milk), until the introduction of weaning semi-solid foods at or around 6 months, when it changes to brown.
Faecal continence is maintained by the coordinated function of the pelvic floor, rectum and anal sphincters. When fullness (rectal distension) is felt, the abdominal muscles contract, increasing intra-abdominal pressure. The puborectal sling and the sphincters relax, and the rectal musculature contracts. The colon and rectum then descend, the rectum becomes elongated, faeces are discharged, and the anal canal is closed by its sphincters.
The normal frequency of evacuations has an inverse relationship with age. In breastfed infants, it was shown that the average daily defecation frequency halved during the first 3 months, whereas no significant changes were observed in infants fed standard formula or mixed feeding [11] . By 16 weeks, 2 was the mean frequency of bowel actions per day of infants of both feeding groups [12] . From the age of 3 years, normal stool frequency varies from three stools per week to three per day. Between 5 years and 8 years of age, the majority of children have a medium-sized bowel movement daily or every other day without straining or withholding [13] . In turn the passage of three or more loose or liquid stools per day is considered to be diarrhoea (WHO). Regardless of age, this high variability in what is perceived to be normal impacts on the applicability of the rectal route.
Moreover, applicability relies as well on the ability of the patient, who might need to hold the medicine to counteract the possible urge to push it out. Voluntary control of the external anal sphincter is key in the voluntary deferring of evacuation until a socially opportune moment. Recent studies show most children to start bowel training between 24 and 36 months of age and fewer articles report it from 12 month onwards [14] . Ability to control sphincters requires coordination by the patient. It changes with development and depends not only on behaviour/ training but also on integration of involuntary and voluntary neurological and muscular mechanisms, as well as cognitive control.
Constipation in children is a common health problem with a worldwide prevalence between 0.7% and 29.6% from newborns to young adults [13] and many children suffer from haemorrhoids too. Also, it has been estimated that children under 5 years have a global average of three bouts of diarrhoea per year compared to just under one in adults [15] . This higher incidence of gastrointestinal disorders is obviously not favourable for optimal rectal drug delivery.
Regardless of the extent of bacterial survival, there seem to be some residual bacterial enzymes in the rectum [16] . Nevertheless it is generally considered that presystemic loss by adsorption to faeces, intraluminal degradation by microorganisms, metabolism within the mucosal cell, and lymphatic drainage do not significantly affect the fate of rectally administered drugs [17] . However, there is a general lack of recent research work around rectal biopharmaceutical properties even in adults. In turn, the degree of ionization of a drug of a certain pKa depends on the rectal pH which is neutral (7.9) in adults [18] .
The mean rectal contact pH was reported to be 9.6 with a wide range (7.2-12.1) for 100 healthy children aged less than 14 years (excluding neonates) [19] . This was not confirmed in a recent paper where pH measured in infants were just below neutrality [20] . Moreover there was no significant difference between well and unwell infants: 6.69 (95% CI 6.55-6.83) vs. 6.88 (95% CI 6.64-7.12) respectively, with rectal pH significantly lower in neonates 6.47 (6.29-6.65 ), yet still around the neutral region [20] . The only difference between the two papers being that the earlier measurements were only done if the rectal ampulla was free of faeces. Digital examination was not always done in the recent paper.
To conclude, there is very little specific information on paediatric rectal biopharmaceutical properties in the literature, let alone on permeability itself. It might be explained by the lack of popularity of this route as explained in the next sections, leading to a lack of research interests.
The human dimensions
General considerations
The breadth of potential for use of the rectal route in community and hospital settings will be clearly highlighted in the next section of this review. But does it make it appropriate for paediatrics? Ideally rectal dose forms should deliver single paediatric doses. In the case of suppositories, dose adaptation can be a problem. However some new technologies such as dividable stick-shaped suppositories might allow some level of dose flexibility.
The rectal route might not be acceptable for very frequent dosing (more than once day and/or long term use). At the same time, prolonged release (if no early expulsion occurs) could be achieved through formulation, to minimize dosing frequency. It is commonly used when patients are nauseous or vomiting or in infants/children reluctant or unable to take oral medication if they are very poor, for example in fever. The rectal route seems to be valued for out-of-hospital emergency and life-saving situations. In the United States, Diazepam is the only FDA approved rectal formulation for the ambulatory treatment of early status epilepticus. It has even been suggested for its pre-referral emergency treatment applicability, for example, for malaria or neonatal sepsis in resource-poor settings. This might be due to the relative ease of administration in these situations and the quick onset of action.
Many articles showed that it can be appropriate for developing countries. Moreover there is a relatively good production vs. cost balance as technologies are relatively simple and costs of ingredients are cheap.
In general, excipients have a good safety profile in children. Some may be irritant, but as they are quite well established, the risk-benefit balance can be addressed early in development. In terms of risk of systemic toxicity, there is a general paucity of information, especially when it comes to rectal absorption. However if an excipient has a well known oral safety profile in the paediatric population, its profile, including potential allergies and sensitization, should be similar rectally, as the rectal epithelium has comparable abilities to absorb drugs. Some concerns are inherently taken out, such as with colouring or taste masking agents. Indeed, there are no issues with organoleptic characteristics, but in turn, different acceptability issues with children and parents/carers are reported in chronic use, and are not outweighed by practicalities such as being safely (self) administrable at home. This administration route is not always reliable as it could suffer from variable absorption and patient acceptance (age, geo-sociocultural background) can also be inconsistent as discussed later.
The reasons for and against developing/using the rectal route in children are multifactorial.
Drug factor
There is a multiple risk of presystemic loss mainly from nonemptiness of the rectum at the time of administration, or/and uncontrolled bowel movement upon administration. Combined with variable location for absorption at administration and considering the anatomy of haemorrhoidal veins in children is not different than in adults, bioavailability could be affected. Therefore it seems that the therapeutic index of the drug and the required speed of absorption will be important determinants to choose whether to formulate it for the rectal route, providing that solubility, stability and permeability are not limiting factors.
Dosage form factor
In the first half of the 20th Century the classical weight of suppositories was less than 4 g in Mexico, Italy, Sweden, Germany, and USA; but up to 8 g in the UK. This may help to explain the lack of development of this form in this territory. The smallest suppository weighted between 1 and 2 g and was most probably for paediatric dosing. Nowadays, most of suppositories weight 2 g for adults and 1 g for infants and children. Only few paediatric suppositories weight more than 1 g: laxative suppositories of glycerine weight up to 4 g and some drugs requiring high dosage (Metronidazole or Mesalazine for example) weight 2 g. Liquids, especially with larger volumes, would require the child to be able to hold in the medicine which is impossible in neonates and infants. Smaller volumes (1-5 mL) have more favourable acceptability [21] . By adjusting the viscosity it might be possible to keep the good spreading of liquids but facilitate patient retention. For example a Morphine gel was the preparation of choice compared to solution for 1-10 year old children in Sweden [22] . However any rectal dosage forms require a dedicated personal space and some time for administration which might not always be convenient, on top of being distressful if not painful for some.
The dosage form itself might be irritable to the rectal mucosa because of its composition (excipients), pH, and osmolarity. It is a well established way to treat constipation to use osmotic laxatives such as lactulose and macrogols. Avoiding cold administration (e.g. suppositories kept in the fridge) might increase administration comfort and decrease risk of expulsion and interruption of absorption.
Administration devices and ease of administration
It is more common for liquids and semi-solid to be package in or attached to the administration device itself. An applicator can also be dispensed separately. The applicator is usually like a syringe with a plunger, with or without the possibility to adapt the dose with a rectal tip of 4.4 to 6 cm. DIASTAT AcuDial is a non-sterile Diazepam gel provided in a prefilled unit-dose rectal delivery system for which the dose can be adjusted. For semi-solid formulations, a tip can be directly screwed on the tube and cleaned between administrations (Fig. 2) .
For suppositories, although simple hygiene before and after administration should be sufficient, a finger cot can also be used. Interestingly, although it seems much more common for administration of pessaries or tablets via the vaginal route, very few suppository administration devices seem to be available ( Fig. 3 ) and they are not paediatric specific whereas it is generally considered that using an appropriate device is generally correlated with more compliant administration of drugs [23] . In the case of rectal drug delivery, it might also help to overcome physical or psychological difficulties of administration and help to ensuring easier and more reproducible administration, which could in turn switch psychosocial factors such as beliefs, motivation, and attitude.
The suppository inserter shown in Fig. 3 has a 5.1 cm long, hollow plastic tip that holds a standard suppository, and spring-loaded design which pushes it out. With the handle, it measures 22 cm long, and can be sanitized easily. It is constructed from stainless steel with polyethylene collars and tips. The D-rings on the quad handles allow for easy adjustments [24] . The length of rectal tips aforementioned does not seem adapted to the rectal dimensions of neonates (Table 1 ) and the usability in infants and children remains to be established. Lubrication with water based lubricants, or even water itself, is often recommended to insert suppositories as well as tips and devices.
Patient barriers
Finally it is important to consider patients' real barriers versus cultural, perceived barriers or lack of understanding of the potential of the rectal route. Indeed the decision whether or not to use the rectal route might be beside positive pharmacological outcomes aforementioned, but superseded by 'age, attitudes and tradition' [25] . Some studies were conducted in order to evaluate the compliance and acceptability of rectal dosage forms. It is influenced by many factors: the state of health of the children, information -or the lack of -provided by the health authority, knowledge of federal advices by the care takers, care givers and parents, the influence of healers, the cost of goods, and cultural barriers [26] [27] [28] [29] [30] [31] [32] .
It is common knowledge that there are very strong feelings about the rectal route of administration, especially in United Kingdom [9] . It is not the aim of this review to find out why but to provide some evidence of use and of acceptability, even if sparse and not systematic. A study in UK in the nineties examined the preference for routes of administration of post-operative analgesia. Adult patients were more tolerant of suppositories than hospital staff; however the majority preferred the intravenous route [33] . In another UK study parents rated the rectal route the most unpleasant compared to oral and parenteral routes [34] . However this is not necessarily always the case: in a study in Niger, the dropout rate after 3 days was higher in the intramuscular group as compared to patients treated with intrarectal quinine cream [35] .
One can wonder whether in certain countries/regions the rectal route is not used because dosage forms available are not prescribed/accepted, because there are none available due to alternative choices, or if this is driven by social attitudes and market response This is highlighted in emergency situations such as seizure management where the rectal route is used because outside of psychosocial negative factors, it has been shown to be effective, safe, and simple to use versus intravenous or even nasal administration [36, 37] . It has also been praised to decrease the mortality of severe malaria due to treatment delays and to decrease the side-effects due to intramuscular administrations in Africa [30, 35] . In their position paper on the pharmaceutical development of paediatric medicines [21] , the WHO states that in severe disease conditions, for example neonatal sepsis, some alternatives such as rectal preparations may be easier to apply by untrained caregivers. However in similar situations in other resource-poor settings in the world, e.g. Laos, use of the rectal route is mainly hindered by the lack of information and training, not only to the population but also to the health care teams [38] . On reflection, this might also be the case in developed countries, if rectal drug delivery for young children is favoured in some countries and not even thinkable in others. Interestingly even if paediatricians' attitudes greatly influence parents' behaviours and beliefs, a majority of Italian parents of children under 6 years reportedly preferred antipyretics suppositories to oral administration, versus only 27% of paediatricians. Parents surveyed thought that they are more practical, easier, more effective or faster acting than oral formulation [39] . The relatively good acceptability of the rectal route for preschool children versus the oral route was also reported in studies in Canada [40] , and in German, French and Italian speaking regions of Switzerland [41] , as well as in Iran [42] . However in another Iranian study paraffin oil received higher percentage of family satisfaction and compliance orally than rectally [43] .
On top of therapeutic need and influence, age seems to be important and it is assumed that acceptability among children is generally poor. However no formal or systematic study or review is available from their perspective, although other some stakeholders (parents, carers, prescribers) have been surveyed. In Switzerland paediatricians would prescribed antipyretic drugs via the rectal routes for children aged 18 months-5 year old, whereas from 6 year old they tended to largely prescribed oral drugs [44] . It is anticipated that it would not be the route of choice in teenagers. In fact older children and adults often refuse treatment with Diazepam rectal gel due to social objections [37] .
In general, in each society there are socio-cultural norms and recommendations regarding the knowledge, attitude, preference, and behaviour of people. It seems that there are many taboos, mainly acquired/ transmitted rather than innate though, that surround proctology related topics that could play a role in the reticence of using this route. There is a need for prospective compliance studies to better understand and try to set up appropriate interventions to alleviate issues with the use of the rectal route.
3. Paediatric rectal dosage forms on the market and in the scientific literature
Rectal dosage forms in Pharmacopoeias
After consultation of the European, US and Japanese Pharmacopoeias (EP, USP, and JP, respectively), only the EP contains a special chapter on rectal dosage forms entitled "Rectal preparations/Rectalia" [45] . It defines rectal preparations as 'systems intended for the rectal use in order to obtain a systemic or a local effect'. They can also be intended for diagnosis purposes. Seven different categories of rectal forms are distinguished as presented in Table 2 .
The USP and JP do not include a specific chapter on rectal forms, but define the suppository dosage form. The USP defines suppositories as dosage forms adapted for application into the rectum. These suppositories can be composed of cocoa butter, glycerinated gelatine, hydrogenated vegetable oils and hard fats, mixtures of polyethylene glycols, and fatty acid esters of polyethylene glycols. In addition, some other forms intended for systemic action (called transmucosal route in the USP) are described, such as: gels, foams, creams, pastes and ointments. Furthermore, the USP glossary contains a definition of the rectal route as a 'route of administration (mucosal) characterized by deposition into the rectum to provide local or systemic effect'. The JP gives a slightly different definition where suppositories are solid preparations intended for insertion into the rectal or vaginal cavity. There is no mention of systemic effect in the JP.
Paediatric rectal dosage forms on the market 3.2.1. USA, Japan and 5 European countries
This overview of the market for paediatric rectal forms was limited to USA, Japan and Europe.
The Daily Med [46] and FDA [47] websites were consulted to build an exhaustive list of US paediatric rectal dosage forms presented in Table 3 in order of decreasing number of marketed drug products retrieved. The US market comprises a rather large list of rectal dosage forms for paediatric dosing compared to the limited amount of official monographs in the USP. The main rectal dosage form is the suppository (the only one with a specific monograph), but some alternatives exist in the form of enemas, aerosols, powders, gels or suspensions which can be used for transmucosal route.
Similarly, the Kusuri-no-shiori drug information website [48] was used to list Japanese paediatric rectal dosage forms presented in Table 4 , where suppositories seem to be the only rectal dosage form available for the 4 drugs reported. However, there is no mention of the children's age in the label/marketing authorisation. Paediatric dosing is adapted by body weight of children, as indicated in the product label.
The analysis of the European market for paediatric rectal dosage forms was conducted for five countries which readily offer access to their drug product databases: France [49, 50] , Germany [51] , Portugal [52] , Spain [53] , and the United Kingdom [54] . European countries such as France (18) or Germany (23) possess more drugs available as paediatric rectal dosage forms than the USA (10) or Japan (4). Among all marketed drug products available within these five countries, a series of six active ingredients were selected for their common use in at least two countries and reported in Table 5 . Like in the USA and Japan, the main rectal dosage form is the suppository.
Suppositories are prevalent. The main drug available is Paracetamol, with a wide range of doses to accommodate for the age and body weight of infants and children. Diazepam marketed as an adhesive gel supplied with an applicator is an example of novel rectal dosage form.
The main indications of rectal dosage forms for children in these three regions are analgesic and antipyretic, anti-inflammatory, antiemetic and laxative.
It should be noted that the US market is the only region without a Sodium Diclofenac suppository reference. In turn, in emerging and developing countries, other rectal paediatric forms are marketed because of their efficacy, ease of administration and low cost. Hence, suppositories of Artemether and Artemisinin were marketed recently to treat malaria in Africa. These dosage forms can be administered to children in rural areas where oral or parenteral dosing is impossible, and hence substantially reduce the risk of death or permanent disability [55] . Surprisingly, Japan, which was known in the 20th Century for its common usage of rectal forms, only possesses a suppository monograph in its Japanese Pharmacopoeia and only four drug products on the paediatric market. It was not possible in the remit of this review to access sales/market share and prescription trends to link it with the number of rectal dosage forms aforementioned, except in France.
Case study in France: evolution of the market over the last 20 years
France is one of the main countries for suppository manufacturing and usage for children. In 1970, 7.5% of all prescriptions in France were formulations intended for rectal administration (for both adults and children) [4] . In 2012, rectal forms still represented 1.2% of the total amount of drug products sold in France (ANSM data, http:// ansm.sante.fr/). This market was studied in depth as paediatric usage of rectal dosage forms is well documented [56, 57] . The evolution of rectal dosage forms in France between 1990 and 2012 is shown in Table 6 Most of the marketed drug product stayed the same (n = 15), there were very few introductions of new references (n = 3) but some withdrawals (n = 10). However, among the fifteen drug products remaining on the market, a restriction of use was applied on nine of them (i.e. for children over 30 months only). The evolution of the French market can be explained by three main reasons: economic withdrawal, legal withdrawal, and restriction of use due to active ingredients being deemed inappropriate for young children. These restrictions of use were implemented in France in 2011. It was also noticed during this investigation that some withdrawals also took place from the Spanish and Portuguese market, at approximately the same time around 2010.
These changes highlight the fact that national health agencies have taken into account some specific paediatric needs. The scientific literature also shows a clear preference for suppositories, as 84% of publications on paediatric rectal dosing refer to this dosage form. The other forms described in these papers are solutions (7%), enemas (6%), and gels (3%). Suppositories are a versatile rectal dosage form as they can be used for all the main therapeutic indications listed in Table 7 . On the other hand, alternative rectal dosage forms are mainly used in hospitals for premedication, anaesthesia or postoperative pain management in the case of rectal solutions [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] and gels [68] , and for preparation of the colon before colonoscopy with enemas [69] . Exceptions are the use of Valproate retention enema to treat epilepsy [70] , and gels or systems that form gel in situ [71] [72] [73] . This latter type of novel dosage form will be discussed later. Table 8 shows the top 6 pharmaceutical active ingredients formulated in rectal dosage forms.
Most of the time paediatric suppositories are used for systemic effect. Paracetamol and Sodium Diclofenac [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] are the two main active ingredients studied in the literature and are as well the two main drugs available on the market. Apart from Sodium Diclofenac, other non-steroidal anti-inflammatory drugs are also formulated in suppository form as for example: Ibuprofen [76, 114] , Niflumic acid [93, 115] , Aspirin [116, 117] , Ketoprofen [118] [119] [120] [121] , Mephenamic acid [122] , Indomethacin [71, 72, 123] , Suprofen [96] , Nimesulide [73] , and Tinoridine [124] . These suppositories are intended to treat (postoperative) pain, migraine, and fever.
Another main indication of paediatric suppositories for systemic effect is anti-infectives (Ampicillin [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] , Ceftizoxime [137] [138] [139] , and Azithromycin [140, 141] ) and in some antimalarial drugs (Artesunate [29, 30, 38, 142] , Artemether in association with Azithromycin [143] , and Artemisinin [30] ). It should be noted that all twelve references on the in vivo effect of Ampicillin suppositories were published in 1983 by Japanese researchers in the same volume of the Japanese Journal of Antibiotics. Suppositories are a dosage form of choice to administer the high doses required for antibiotics, minimising the need for multiple oral dosing to reach the desired drug level [4] . In addition, suppository formulations avoid the problem of poorly palatable antibiotics that are difficult to administer to children [144] .
Suppositories are also used to treat febrile seizures and epilepsy with Diazepam [145] [146] [147] or Valproate [70] , nephropathic cystinosis with Cysteamine [148] , asthma with Aminophylline [149] , cough with terpenic derivatives [150] or Ephedra decoction (a Traditional Chinese Medicine) [151] , and pain with Pentazocine [152] or migraine with Ergotamine tartrate [117] .
Suppositories can also be the form of choice for indications where the oral route is not usable. This is the case of anti-emetic drugs such as: Dimenhydrinate [153] [154] [155] [156] , Promethazine [157] , Domperidone [158, 159] , and Metoclopramide [159] .
Like rectal solutions, suppositories are used in hospital for premedication (Midazolam in association with Famotidine [160] , Bromazepam [161, 162] , Diazepam [163] [164] [165] , Pentobarbital [166] , Chloral hydrate [162] ), postoperative pain management (Codeine [167] alone or in association with Paracetamol [168] ).
Suppositories can also be used for local effects such as laxative in substitution to enema, with the use of active ingredients like glycerine, bisacodyl or a combination thereof [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] , or Mesalamine for the treatment of ulcerative proctitis [181, 182] .
Suppositories: considerations for paediatric dosing
Rectal dosage forms, as described by the European Pharmacopoeia, can be suppositories, capsules, solutions, suspensions, ointments, creams, gels, foams, and tampons ( Table 2 ). The most commonly used rectal form is by far suppositories as demonstrated by the commercial drug products and literature review aforementioned. Suppositories for paediatric dosing are generally torpedo-shaped dosage forms weighting 1 g. There are also novel stick-shaped suppositories with a line of breakability to divide the dosage form in two halves which allow reducing the dose for smaller children. The weight of 1 g for paediatric dosing [4] facilitates the insertion of the smaller suppository in the child's rectum while allowing having an object easily manipulated by the parent or care-giver. Paediatric suppository doses are generally adjusted from adult doses based on body weight. Taking into account the difference of available surface for absorption in the rectum (Table 1) would certainly be a better option.
Choice of the excipient
Paediatric suppositories are generally composed of the same excipients as the adult dosage forms, that is to say, either composed of: -fatty bases (hard fat or cocoa butter that melts at the temperature of the rectum) or -water-soluble bases (polyethylene glycol (PEG) or glycerinated gelatine that dissolves in the rectum).
The choice between these two types of suppository masses depends on the physicochemical properties of the active ingredient and the desired release profile [4] . Formulators generally choose to disperse drugs in suppository masses where it is not soluble, to facilitate the release of the drug from the dosage form. Hence, water-soluble drugs are formulated with fatty bases and lipophilic drugs in water-soluble bases. Since most of the active pharmaceutical drugs used by the rectal route are water-soluble (Biopharmaceutics Classification System -BCS class I) such as Paracetamol, Diazepam, Ketoprofen, Midazolam, and Aspirin, or are weak acids showing limiting dissolution by the oral route (BCS class II) but which are soluble in the rectum for example Sodium Diclofenac, Ibuprofen and Indomethacin [183] , the choice of fatty bases is most of the time the best way to formulate suppositories.
Suppositories composed of fatty bases should melt at a temperature near to body temperature (37°C) and the resulting melt should cover the rectum with a thin film of fat where the drug can diffuse out and reach the rectum mucosa. Among fatty bases, hard fat is the most common suppository mass used in Europe (mainly Southern and Eastern Europe including Russia), North Africa, Middle East, People's Republic of China, and Japan.
Various types of hard fats are available on the market with two main characteristics: their drop point ranging from 32 to 45°C [4] , and their hydroxyl value ranging from less than 3 to 50 mg KOH per gram of fat. The main commercial names for hard fats are Suppocire® (Gattefossé) and Witepsol® (Sasol). The drop point (alternative method to evaluate the melting properties of fat) of suppository masses varies around 37°C in order to allow the incorporation of all types of drugs. As a matter of fact, drugs which are soluble in the suppository mass will induce a decrease of the melting temperature of the excipient. Hence a hard fat with a drop point higher than 37°C should be chosen to obtain, after inclusion of the drug, a formulation which softens/melts between 36 and 37°C. On the contrary, for drugs which are not soluble in the excipient mass and possess a high dose, the viscosity of the melt can be too high to allow an adequate softening at the rectum temperature. In order to reduce the viscosity at this temperature, a hard fat with a drop point lower than 37°C is classically chosen. Hard fats also possess a large range of hydroxyl values depending on the number of free hydroxyl groups in the excipient mass. These free hydroxyl groups come from partial glycerides i.e. monoglycerides and diglycerides, and also from free glycerol. Hard fats with high hydroxyl value generally crystallise faster than other types of hard fats because their content of monoglycerides is higher and these molecules present a solidification temperature higher than the main components of hard fat: triglycerides. These free hydroxyl groups also impact the ability of the suppository mass to interact with water and hence can increase the dissolution rate of active ingredient.
These lipophilic excipients are derived from natural vegetable oils and are well tolerated by the rectal mucosa [184] . However, one publication has suggested that hard fat bases with high hydroxyl value could be irritant to the rectal mucosa [185] . Hard fats also conform to the recommendations for paediatric excipients because they allow minimisation of the number of excipients (most of the time only one suppository mass is used); risk additives can be avoided (e.g. colouring agent, antimicrobial preservatives, sweetening agents, taste-masking agents or solubility enhancers), and also they do not cause religious concerns (in opposition to rectal capsules composed of gelatine) [186] . However, some fatty bases may contain some additives such as phospholipids (to accommodate for high dose of powdered drug), monoglycerides (to accelerate drug release), and non-ionic surfactant (polysorbates to facilitate the emulsification of hydrophilic liquid drug into the fatty base) preferred to ionic surfactants which are often irritant to the rectal mucosa.
The cost of goods for fatty bases is relatively low for excipients, in comparison to other excipients classically used in oral dosage forms. Hard fats are considered as global commodities because the raw materials are easily available at low price and the processes needed to transform them into fatty bases are simple and non-proprietary. The price of such materials is about 10-fold lower than functional excipients for oral dosage forms.
Due to climate constraints, PEGs can be used as a substitute to hard fats in tropical regions such as Africa. This mass can be irritating to mucosa by causing stinging [187] or even cause hypersensitivity (particularly for PEGs with lower molecular weights) [188] . For this reason PEGs are less adapted to paediatric dosing than natural hard fats.
For these regions other solid alternatives recommended include rectal soft gelatine capsules with a lubricating coating. This is the case in the South American market for example. These rectal forms composed of water-soluble bases should dissolve freely in the rectum liquid at 37°C.
Regarding rectal solutions, water-soluble drugs -as powders or formulated in rectal tablets -are often extemporaneously dissolved in aqueous media such as distilled water, sterile water, or sodium chloride solution as reported for anaesthetic drugs in the literature. However, we found on the market a Diazepam rectal solution containing excipients less adapted to children like ethanol or benzyl alcohol [189] . The rectal solution is administered with an appropriate prefilled-syringe equipped with a lubricated catheter to facilitate introduction in the children's rectum.
Manufacturability
The manufacture of suppositories is a four-step process including the preparation of raw materials, mixing of the drug with the melted mass, moulding of suppositories in blisters, and subsequent crystallisation of the formulation. Some alternative methods to moulding are described in the literature and will be presented in the following section dedicated to the future of rectal dosage forms. Even if the moulding process seems straightforward, some steps and parameters should be looked at closely to avoid major drawbacks for paediatric dosing, such as nonhomogeneity or crystallisation of the drug on the surface of the dosage form. The suppository mass should be melted at a temperature 10 to 20°C above its stated melting point to allow a complete melting of all crystals. If the drug is soluble in the suppository mass, it should be dissolved in the appropriate excipients. If not, the particle size of the drug should be controlled [45] because it can affect the viscosity of the mixture (small particles in suspension tend to increase the viscosity of the medium) and the homogeneity of the dosage form. The mixing of the drug with the melted excipient should provide for a homogeneous system. The moulding step of the mixture should be conducted at the appropriate temperature to allow for a rapid crystallisation of the mass and hence limit the ability of the drug to precipitate at the bottom of the blister. This temperature is determined by thermorheology and corresponds to the temperature where the viscosity of the melt starts to sharply increase. Moulding at the lowest temperature possible will also facilitate the crystallisation of the suppository and avoid drawbacks caused by a too high difference between pouring and crystallisation temperatures: polymorphism (fat blooming on the surface of suppositories), cracks (contraction of lipid during rapid solidification), or sedimentation of the drug. This latter step is particularly important for paediatric suppositories because it can affect the weight (formation of chimney at the base of the suppository), and the homogeneity of mass, which can be problematic for scored suppositories.
In some developing countries, suppositories can still be moulded manually within metal moulds. The same manufacturing process can be implemented as for industrial process with the addition of a scrapping step after solidification of the suppository mass to remove the extra-mass of mixture. This manual process is also used in some hospitals for extemporaneous compounding of drugs not commercially available as paediatric rectal forms on the market. Metallic moulds available on the market do not allow producing suppository of less than 1 g. In addition, producing smaller dosage forms will compromise the ability of these suppositories to conform to pharmacotechnical tests.
Pharmacotechnical testing of suppositories
The European Pharmacopoeia (EP) is the only Pharmacopoeia describing some specific pharmacotechnical tests for rectal dosage forms such as suppositories and vaginal pessaries [45] . These tests aim to verify the ability of the dosage form to quickly disintegrate in contact with water (for water-soluble bases [190] ) or to soften at a temperature close to the rectum temperature (for fatty bases [191] ) in order to release the active ingredient [192] . The uniformity of mass [193] and content [194] is needed for these single-dose preparations. The uniformity of drug repartition within the suppository is also particularly important for adult doses which are sometimes cut in halves to accommodate for paediatric dosing. This is an unlicensed use that can take place in some hospitals. In most cases the suppository is cut in its length in order to have a homogeneous content of drug even if the drug has sedimented in the tip of the dosage form [195] . However, recasting adult suppositories into moulds of smaller size (generally 1 g) is a better option to ascertain a homogeneous repartition of the drug within the dosage form. Interestingly, some forms on the market already exist as scored stick-shaped suppositories, in order to accommodate for two doses ( Fig. 1 ): Paracetamol scored suppositories at 100 mg, and Morniflumate scored suppositories at 400 mg (dividable in 200 mg halves), for example [88] .
Additional tests, actually not described in any Pharmacopoeia, are classically used to assay suppositories such as resistance to crushing, slip melting temperature or appearance evaluation.
Paediatric clinical studies: a 10-year overview
This section focuses on clinical trials conducted in children within the last ten years with several well-known drugs. In brief, it collates paediatric clinical studies focusing on the comparison of the rectal route with other routes of administration, the determination of paediatric rectal doses and the evaluation of drug associations. These clinical studies are listed by indication: analgesics/antipyretics, antiepileptics, and antimalarial drugs.
Analgesics, antipyretics and NSAIDs
Paracetamol was used in several clinical trials as an analgesic in preand post-operative pain management for minor surgery, sometimes associated with Codeine, or in chronic diseases [79] [80] [81] 168, 196, 197] , with good results. Paracetamol administered by the rectal route is less efficient than the intravenous route in the case of pain management after major surgery, [91] , and it must not be used in the specific case of new born after assisted vaginal delivery [198] . However, it is recommended as an antipyretic in emergency cases [199] and the rectal route is as efficient as the oral route [40] . A meta-analysis compares the oral and rectal routes for reducing fever. It concluded by the equivalence of these two routes and may change the point of view of The American Academy of Pediatrics, whose recommendation was, so far, to refrain rectal administration of Paracetamol to children [82] .
Diclofenac is used as an analgesic in pre-and post-operative pain management after surgery and shows good efficacy by rectal administration alone, or in association with other drugs [97, 112, 200] .
Ketoprofen administered by the rectal route is a good alternative to the intravenous or oral routes [118, 201] .
Midazolam can reduce, or even avoid, the use of general anaesthesia for dental treatments [202] .
Mesalamine suppository is a safe and efficient treatment of ulcerative proctitis for children [181] .
Antiepileptics
Diazepam administration by the rectal route is sure, efficient and better than the nasal route [37, 145, 146] .
The use of Paraldehyde by the rectal route is efficient in the case of prolonged tonic-clonic convulsions [203] .
Antimalarial drugs
Malaria is referenced as a tropical disease with prevalence in children under 5 years of age [204] . Numerous clinical trials on children were conducted lately with old active pharmaceutical ingredients. This high number of studies can be explained by the need to have dosage forms that can be easily administered in case of emergency, the prevalence of this pathology, and the involvement of many nongovernmental organizations. Three main conclusions can be drawn from these clinical trials.
-Rectal administration can either be used with only one drug in emergency [55, [205] [206] [207] , or as a long-term treatment [208] [209] [210] . The rectal form of Artesunate was also tested in association with Mefloquine and this allowed improving the efficiency, and/or shortening the treatment [211] [212] [213] . Rectal diazepam was tested as an anti-convulsing drug in the cases of children with severe Falciparum malaria and convulsions, but its efficiency seems lower than parenteral administration [214] . -The use of rectal dosage forms allowed the treatment of children in rural areas where the parenteral administration of drug is not possible. Some clinical studies were performed to compare the rectal and parenteral routes, either using the same drug [35, [215] [216] [217] or two different active substances. In every case the rectal route has either given comparable or greater efficiency [218] [219] [220] . -Two studies concluded to the importance of Artesunate as pre-referral treatment of severe childhood malaria and on the cost effectiveness of the rectal form [221, 222] . Another study demonstrated the urgent need to develop an association of two drugs: antimalarial and antibacterial in the same rectal dosage form to decrease the cost of the treatment and avoid many deaths (up to 400,000) [223] .
As a conclusion, it appears that the administration of antimalarial drugs by the rectal route is very effective (especially in the case of emergencies), well adapted to endemic areas, able to be used at home by any care giver, and cost effective. The association of antimalarials and antibacterials seems to be possible; nevertheless there are no recent studies on antibiotic rectal forms, despite some studies initiated in the 1990s [224] . This association was at the same time the most efficacious, the most cost effective, and also well adapted to emergency situations in cases with a lack of diagnostics.
The future
Research on paediatric rectal forms consists presently in the improvement of actual forms (especially suppositories and gels), and in the development of dosage forms classically used in other routes such as tablets for example. Obviously these so-called classical forms must be adapted to the specificities of the rectal route (e.g. small amount of liquid).
5.1. In vitro and preclinical studies 5.1.1. Thermosensitive and/or mucoadhesive gels
In order to solve some drawbacks of conventional solid suppositories, various formulation strategies have been developed such as thermosensitive and mucoadhesive in situ gel systems. The combination of thermosensitive and mucoadhesive properties in a single formulation presents many advantages. First, the thermosensitive preparation is liquid at ambient temperature which facilitates its preparation and handling, but also eases its spreading in the rectal cavity where it gels at the body temperature. Secondly, in the rectal cavity, the development of mucoadhesive properties helps to maintain the hydrogel for a prolonged period of time and allows complete drug release, thus favouring systemic absorption.
Over the last two decades, thermosensitive polymers and hydrogels have focused a growing interest in the pharmaceutical field. Depending on their composition, the sol-gel transition temperature can be adjusted around 37°C for pharmaceutical applications [73, [225] [226] [227] [228] [229] [230] [231] .
Suppositories
Some new suppository developments are on-going on three main topics: muco-adhesiveness, controlling drug release, and improving stability/storage at high-temperature. 5.1.2.1. Muco-adhesiveness. The addition of mucoadhesive excipients in suppository formulations permits the adhesion of the dosage form in the lower rectum and hence avoids the drainage of the drug by the upper haemoroidal veins (leading to hepatic first pass effect). Carbomer (Carbopol®) is described in several studies for the development of such mucoadhesive properties. For example, the association of this polymer (2% of the 934-P grade) to hard fat allows obtaining Ramosetron suppositories with efficiency comparable to the intravenous administration of the drug [230] . Furthermore, this percentage of carbomer did not induce irritation of the rectal mucosa of rabbits. Double-phased mucoadhesive suppositories were also described in two other formulations containing either Lidocaine or Diclofenac as active ingredients. These studies were performed on rats and rabbits [232, 233] . Double-phased suppositories consist of a mucoadhesive front layer containing wax and a mucoadhesive terminal layer containing the drug. The anchoring phase (adhesion and spatial configuration of the suppository within the rectum) strictly limits the absorption of the drug in the lower rectum and the formulation of the terminal layer modulates drug release properties. This double-phased suppository may be useful for improving bioavailability of drugs with significant first-pass effect.
Controlling drug release.
The addition of surfactants in suppository formulations can also help increase drug release provided that they are not irritant to rectal mucosa [234] . Surfactants such as polysorbate 80 (2%) and sodium lauryl sulphate (0.75%) increase the dissolution rate of Salbutamol from suppositories. However, sodium lauryl sulphate could cause greater damage on mucosa than polysorbate 80 because it is an anionic surfactant [235] . The addition of rectal absorption enhancer, like snail mucin, was also tested with Insulin in rats [236] .
Sustained-release hollow-type (SR-HT) suppositories are a new platform developed with sodium alginate (Alg-Na), sodium polyacrylate (PANa) or polyacrylate-PANa co-polymer (PA-PANa) as gelling agents. The gelling agent is either combined with the drug inside the hollow part of the suppository or mixed with the shell. A study of SR-HT containing Aminophylline conducted on rabbits showed that these suppositories could be used for rectal administration of various drugs needing a prolonged plasma concentration [237] .
Hollow-type suppositories containing 10 mg of Morphine in sodium hyaluronate solutions of various viscosities were prepared. It appears that the selection of the relevant viscosity of sodium hyaluronate solution contributes to the improvement of Morphine bioavailability after rectal administration to rabbits [238] . This model has been studied with other active pharmaceutical ingredients and/or excipients and gave similar improvement of drugs bioavailability [239] [240] [241] .
Self-emulsifying suppositories were developed for β-Artemether and Indomethacin [242, 243] . These forms induce sustained release for β-Artemether in comparison to PEG suppository, and a similar increase of bioavailability of Indomethacin after oral and rectal administration.
5.1.2.3. Improved stability at high-temperature. Suppositories able to withstand tropical climates can be developed with excipients possessing melting points above 50°C. Such suppositories can be formulated with high-molecular PEG such as PEG 4000 and PEG 1500. The use of these water-soluble bases with Azithromycin produced suppositories with good bioavailability in rabbits when compared to other rectal forms (hard gelatin capsules, gels and oily suspension) [140] .
Other forms
Other systems are being developed or adapted to the rectal route:
-New disintegrating excipients used for oro-dispersible tablets such as crospovidone or sodium croscarmellose are able to disintegrate the dosage form with minimal amounts of liquid (2 to 3 mL). These new excipients could also be used for recto-dispersible tablets [244] . It was used to formulate two drugs (Artesunate and Azithromycin) for emergency treatment of Malaria (Larrouture, D. et al. Development of antimalaric-antibiotic association in a fast dispersible tablet using rectal route. 3rd Conference of the European Paediatric Formulation Initiative (EuPFI), Strasbourg, France, 2011). -Mucoadhesive polymers allow production of bio-adhesive microspheres, whose properties can improve the in situ stabilisation, enhance the spreading of the formulation on mucosa, and/or modify the drug release [245] [246] [247] . -Emulsions could be an alternative to rectal form in order to modify drug release as demonstrated by some studies with Diazepam [248] [249] [250] .
The tolerability of these oral excipients may be extrapolated to the rectal route as this mucosa is more resistant than the upper gastrointestinal one because of its limited surface and the presence of mucus. However safety of excipients, especially if novel, in children is paramount and should be checked with appropriate studies first, prior to promoting their use widely.
Vaccination by the rectal route
Recent publications have shown the interest of the rectal route for mucosal or systemic vaccination. The mucosal route is mainly used for vaccination because most infections affect or start from a mucosal surface. In these infections, topical application of the vaccine is often required to induce the protective immune response [251, 252] . The use of appropriate adjuvants such as toxins or cytokine [253, 254] can increase the efficiency of the rectal vaccination. Furthermore, the rectal route offers additional advantages, especially in developing countries, such as a reduced risk of viral transmission (no need of injections), less side effects, and the possibility to administer the drug product without medical training [255] .
Vaccination by the rectal route was tested for tuberculosis and it was as efficient as the parenteral route in mice, guinea pigs and macaques [255] . This route was also experimented for Herpes vaccination with good results [253, 256, 257] . The main area of research for mucosal vaccination is HIV, an infection transferred by mucosal contamination (vaginal or rectal). The combination of local and systemic protection seems to be appropriate [254, 258] and the FDA presents prophylaxis strategies using the rectal route against HIV infection [259] . These investigations give very encouraging and positive results in animals, but have not yet been tested in humans. Even if this type of vaccination will face the same socio-ethical barriers as classical rectal dosage forms, children should be included in future positive development or rectal vaccination research programmes where relevant.
Conclusions
The rectal route is usually better known for its disadvantages than for its advantages. The main disadvantages are the introduction of a solid unit in the rectum (leading to poor acceptability and compliance), the low absorption capacity of the lower rectum to some drugs, and the high inter-individual variability of the drug bioavailability mainly depending on how the dosage form is inserted.
Rectal dosage forms present many advantages, especially in developing countries, because of their low cost, the possible administration of the form without any medically trained person (in contrast to intravenous route for example) and the possibility to dose drug product in emergencies even to unconscious or vomiting children. In the case of emergency administration there may be lower psychological and social barriers because of the seriousness of the situation.
Finally mindsets may be changing regarding the dosing of drugs rectally to children, as some of the main disadvantages of suppositories are being solved: the variable absorption of drugs due to variable insertion/ retention of the dosage forms can be controlled by adapted formulation (muco-adhesive dosage forms) or appropriate devices. Also some paediatric clinical studies through meta-analysis have recently demonstrated the equivalence of rectal dosage forms versus oral dosage forms like in the case of Paracetamol. In order to enable the use of this promising route for the treatment of children in the 21st Century, some effort should be focused on marketing, informing and educating parents and care givers on the benefits of these novel rectal dosage forms. Their comprehension should ensure the acceptability, compliance, and correct usage of the rectal forms.
